In our previous investigation, we measured the global temperature sensitivity coefficient of a deterred spherical single base gun propellant following an experimental procedure that did not allows us to determine the local temperature sensitivity coefficients of the deterred and undeterred parts of the investigated propellant. In this paper, we propose an experimental methodology to measure the local temperature sensitivity coefficients of both parts of the spherical deterred gun propellant. This methodology can be summarized as follows: Firstly, we separated the ranges of pressure where the combustion of the deterred and the undeterred parts of the spherical propellant occurs by means of infrared (IR) microscopy measurements. Then the burning rate of the propellant as a function of pressure was calculated according to STANAG 4115 at different initial temperatures. Finally, we determined the local temperature sensitivity coefficients of each part of the spherical propellant.
Introduction
The temperature sensitivity of new green formulations of gun propellants should be measured to establish their lower temperature sensitivity [1] . However, no methodologies are available for characterizing the temperature sensitivity of gun propellants.
In a previous investigation [1] , we contributed to closing this gap and to enriching the range of ballistics tests by establishing a method for the measurement of the temperature sensitivity of deterred gun propellants using a closed vessel test and ignition with black powder. In an effort to close this gap further, the present work augments the previous one and consists of the measurement of the temperature sensitivity of spherical deterred single base gun propellant using a closed vessel test and ignition with a gaseous ignition mixture.
In fact, the influence of the ignition system on the burning rate obtained has been extensively discussed elsewhere [2] [3] [4] [5] [6] and confirms that a closed vessel experiment with an appropriate gaseous ignition mixture (the gaseous ignition mixture used in this study) allows the combustion of the various parts of a deterred propellant to be observe. By contrast, ignition with black powder does not allow the combustion of the various parts of a deterred propellant to be observed. This results from the inhomogeneous ignition of the deterred propellant by the black powder inside a closed vessel. It is for this reason that we have been able to determine a global temperature sensitivity coefficient, despite the fact that the chemical composition of the deterred propellants investigated were not homogeneous: their surface composition was chemically modified and consisted of impregnation by a combustion rate modifier, called a "deterrent", which is only present on the surface up to a certain depth and with a certain gradient.
When a closed vessel test with a gaseous ignition mixture is employed to measure the temperature sensitivity coefficients of a deterred propellant, it is not possible to determine a global temperature sensitivity coefficient and consequently one must determine local temperature sensitivity coefficients.
Therefore, the aim of this work is to propose an experimental methodology for measuring the local temperature sensitivity coefficients of the deterred and the undeterred parts of a deterred spherical single base gun propellant. For this purpose, we employed two well know experimental procedures: infrared (IR) microscopy measurements and closed vessel tests with a gaseous ignition mixture. IR microscopy allows the ranges of pressure where the combustion of the deterred and the undeterred parts of the deterred propellant occurs to be separated. Closed vessel tests and a gaseous ignition mixture allow the burning rate of the propellant as a function of pressure according to STANAG 4115 [7] , at different initial temperatures, to be determined. A specific definition of the temperature sensitivity [1] was employed in order to calculate its values at low and high temperatures, and for both deterred and undeterred parts.
Definitions

Initial temperature
The initial temperature, T 0 , is the temperature at which the propellant is conditioned for at least for 8 h before the closed vessel tests.
Temperature sensitivity coefficient
To define the temperature sensitivity coefficient, it was assumed that in the traditional Vieille's law, r P = β·P n , the pressure exponent, n, is not a function of the initial temperature. The temperature sensitivity coefficient σ (r P ) of the burn rate (r) at a pressure P was thus defined as the relative change in burning rate from the value at 21 °C (benchmark temperature) resulting from a change in the initial temperature dT 0 [8] [9] [10] [11] [12] [13] [14] [15] . The benchmark value of the propellant parameter was set at 21 °C (Equation 1).
where: -σ (r P ) is the temperature sensitivity coefficient of the burning rate, -r P is the burning rate at pressure P.
Experimental Methodology
The analysis of a typical deterrent [dibutyl phthalate (DBP)] concentration profile, obtained by infrared (IR) microscopy measurement, allows three distinct zones to be observed [16] . The first zone corresponds to the deterred portion of the propellant grain, where the concentration of DBP is large. The second zone is the portion where the DBP content is lower, and the third zone contains no DBP. The definition of the temperature sensitivity coefficient σ (r P ) is based on the Vieille law. However this law is valid only for a homogeneous chemical composition. As already mentioned, the chemical composition of a propellant containing a deterrent is not homogeneous. Indeed, there are three parts.
Jeunieau et al. [2] showed that it is possible to observe the combustion of the different parts of a deterred propellant using an appropriate gaseous ignition mixture. We have employed this mixture in closed vessel tests to determine the burning rate of an investigated propellant at various initial temperatures.
After having identified the ranges of pressure where the combustion of the
Propellant Investigated
A spherical single base deterred propellant was used for this investigation. The spherical propellant had an average diameter of 553 µm, and contained around 10% of nitroglycerin stabilised with diphenylamine (DPA). The average concentration of the deterrent, dibutyl phtalate (DBP), was 4.8%. The composition of the propellant is given in Table 1 . 
Experiments and Work Programme
The deterrent concentration profile of the propellant was made visible by infrared (IR) microscopy measurements. The determination of the propellant burning rate was performed by employing closed vessel tests and a gaseous igniter mixture; all tests were performed with the propellant conditioned at selected initial temperatures (T 0 ), ranging from −54 °C to 71 °C.
Infrared (IR) microscopy
The propellant grain was placed onto an adhesive, cut by a microtome into thin slices (thickness 7 µm) and analyzed by IR microscopy. A Bruker Hyperion infrared microscope mounted on a Vector 33 Fourier-transform spectrometer was used. A medium-band MCT (HgCdTe) detector in the microscope gives high sensitivity in the 4000-600 cm −1 range. A 15X cassegrain mirror objective was used to obtain the infrared spectra. The IR spectrometer was operated at a resolution of 4 cm −1 and 32 scans were acquired for each measurement position. The measuring window had an aperture of 10 µm × 50 µm, the longer side of the aperture being placed perpendicular to the measured diameter. The increment for each data point was 3 µm. The DBP concentration was obtained by using the ratio of two IR bands, one typical of DBP (1720 cm 
Closed vessel tests
The closed vessel experiments were performed in a vessel of volume 118 cm 3 . The tests were performed at different initial temperatures (−54 °C, 21 °C and 71 °C).
Before temperature conditioning, the propellant was placed in a closed glass bottle. This bottle was then conditioned for at least 8 h before the test, in an oven for conditioning at higher temperatures or in a Lauda thermostatic bath for conditioning at lower temperatures, and then tested immediately, within ≯30 s, after being removed from the conditioning cabinet. The closed vessel was loaded with the conditioned propellant at the initial temperature T 0 and the test was performed as soon as possible. The test was carried out at ambient temperature, i.e. the closed vessel was at ambient temperature and the propellant was at the initial temperature. It was assumed that the temperature change in the propellant during the time between removal from the conditioning facility and ignition of the propellant was negligible. The propellant loading density was 0.15 g/cm 3 . Pressures were recorded using a piezo-electric transducer Kistler 6215. The output voltage of the pressure sensor was transmitted to a data acquisition system at a sampling rate of 250 kHz. The propellant charges were ignited using a gaseous ignition mixture. The gaseous ignition system consisted of two electrodes, which were connected with the filament and a valve to introduce methane (CH 4 ) and oxygen (O 2 ). The partial pressures (0.1 MPa of CH 4 and 0.14 MPa of O 2 ) were measured with a piezo-electric pressure transducer (Kistler 4070). The filament connecting the two electrodes ignited the gas mixture by the Joule effect, when an electric current was passed.
A typical output from a closed vessel test was the pressure history and, after post-test processing, the burning rate. A computer program provided both the smoothed curve P = f (t) [Gaussian smoothing was used, which is a method of digital smoothing allowing the elimination of the dispersion and oscillations of the pressure time data without affecting the characteristics of the signal (maxima, minima, slope etc.)], and calculated its derivative dP/dt.
The burning rate was obtained according to STANAG 4115 by the product of three terms. Two terms are based on the form function and on the differentiation of a modified Noble-Abel equation, respectively. The third term is the derivative of the pressure obtained, as explained above. Figure 1 represents the deterrent concentration profile obtained by IR microscopy measurements. The vertical dashed lines limit the three parts of the investigated propellant. The penetration depth was, for the first part between 0 µm and 23 µm, for the second part between 23 µm and 60 µm, and for the last part greater than 60 µm.
Results
Deterrent concentration profile
In order to determine the corresponding pressures limiting the combustion of the various parts of the propellant, the variation of the penetration depth as a function of the pressure is shown in Figure 2 . It was observed that 23 µm and 60 µm were equivalent to pressures equal to 41 MPa and 90 MPa, respectively. Figure 3 shows the pressure time profile from a closed vessel test obtained at ambient temperature. It may be observed that the maximal realized pressure is equal to 167 MPa. Note that this is independent of the initial temperature of the propellant. The maximal pressure reached by the ignition system alone inside the closed vessel was equal to 4.68 MPa [2] , which represents only 3% of the maximal pressure obtained by testing the propellant. The range of pressures where the ignition system has an influence was eliminated. In fact, the burning rate was investigated only between 20% and 70% of the maximal pressure inside the closed vessel [3] . 
Pressure inside the closed vessel
Burning rate
The variation of the burning rate as a function of the pressure is shown in Figure 4 . Based on the previously obtained values of pressure (Section 6.1) obtained from the three parts of the propellant, we identify three zones of combustion of the propellant in the burning rate law, illustrated by the two vertical dashed lines (Figure 4 ). These two vertical lines illustrate the range of pressures where the burning rate was investigated (between 20% and 70% of the maximal pressure inside the closed vessel). Figure 5 represents the curve of ln r versus ln P of the first (I) part of the propellant. It may be observed that the variation of ln r versus ln P exhibits good linearity, meaning that Vieille's law r P = β·P α is appropriate to describe the variation of the burning rate of the deterred part of the propellant as a function of pressure in this particular pressure range. Indeed, the correlation coefficient of linearity (R 2 ) was equal to 0.997. Figure 6 represents the curve of ln r versus ln P of the third (III) part of the propellant. It may be noticed that the variation of ln r versus ln P exhibits good linearity, meaning that Vieille's law r P = β·P α is adequate to describe the variation of the burning rate of the undeterred part of the propellant as a function of pressure. In fact, the correlation coefficient of linearity (R 2 ) was equal to 0.999. 
Deterred part of the propellant
Undeterred part of the propellant
Deterred part of the propellant
The assumption that, in the traditional Vielle's law, r P = β·P α , the pressure exponent, α, is not a function of the initial temperature, corresponds to the assumption that the slope of ln (r) versus ln (P) resulting from different initial temperatures remains constant. As illustrated in Figure 7 , this assumption appears to be reasonable. Consequently, the temperature sensitivity coefficient σ (r P ) of the deterred part of the propellant is independent of pressure; this is listed in Table 2 .
Consequently we calculated that, for the investigated spherical propellant, the temperature sensitivity coefficient σ (r P ) of the deterred part was equal to: -0.083%/°C (towards high temperatures), -0.125%/°C (towards low temperatures). 
Undeterred part of the propellant
As for the deterred part of the propellant, the assumption that, in the traditional Vielle's law, r P = β·P α , the pressure exponent, α, is not a function of the initial temperature appears to be reasonable ( Figure 8 , Table 3 ). The temperature sensitivity coefficient σ (r P ) of the undeterred part was found to be equal to: -0.092%/°C (towards high temperatures), -0.072%/°C (towards low temperatures). 
Discussion
We observed that for the deterred part of the propellant the values of the temperature sensitivity coefficients increased from 0.083%/°C (towards high temperatures) to 0.125%/°C (towards low temperatures), and for the undeterred part of the propellant, the values of the temperature sensitivity coefficients decreased from 0.092%/°C to 0.072%/°C, respectively. This indicates that the chemical composition influences the temperature sensitivity of the propellant.
Conclusions
This paper demonstrates an experimental procedure that allows the local temperature sensitivity coefficients σ (r P ) of a deterred spherical single base gun propellant to be determined. Initially, we measured the deterrent concentration profile of the investigated spherical deterred propellant in order to locate the various parts of the propellant. In fact, there are three parts; the first zone corresponds to the deterred portion of the propellant grain where the concentration of DBP is largest, the second zone is the portion where the DBP content is lower, and the third zone contains no DBP.
Subsequently, it has been shown that for the chemically homogenous parts of the propellant (the first and the last parts), the variation of the burning rate as a function of pressure can be described adequately by the Vielle law. In fact the temperature sensitivity coefficients σ (r P ) of the deterred and undeterred parts of the deterred spherical gun propellant corresponds to σ (r P ) of the first and third zones, respectively.
For the deterred part of the propellant, we found the temperature sensitivity coefficients σ (r P ) were equal to 0.083%/°C (towards high temperatures) and 0.125%/°C (towards low temperatures).
For the undeterred part of the propellant, towards high temperatures σ (r P ) is equal to 0.092%/°C, and towards low temperatures σ (r P ) is equal to 0.072%/°C.
